Studies on human perception have identified pelvis and torso motion as key discriminators between male and female gaits. However, while most observers would advocate that men and women walk differently, consistent findings and explanations of sex differences in gait kinematics across modern empirical studies are rare. In the present study we evaluated sex differences in whole body gait kinematics from a large sample of subjects (55 men, 36 women) walking at self selected speeds. We analyzed the data through comparisons of discrete metrics and whole curve analyses. Results showed that in the frontal plane, women walked with greater pelvic obliquity than men, but exhibited a more stable torso and head. Women had greater transverse plane pelvis and torso rotation as well as greater arm swing. Additional sex differences were noted at the hip and ankle. These kinematic results are in line with anectdotal observations and qualitative studies. In order to understand these observations and substantiate some of the explanations previously set forth in the biomechanics literature, we also explored possible reasons for dynamic sex effects, and suggested applications that may benefit from their consideration.
Introduction
There is a widely held perception that men and women walk differently. Evidence supporting this assertion began with studies by Murray et al. [1] and [2] in the 1960s. Most notably, these studies suggested that males exhibit greater torso sway and females greater pelvic obliquity range of motion (ROM). In the 1970s, several human perception studies (e.g. [3] ) showed that untrained observers were able to correctly identify subject sex from limited dynamic gait information without contextual cues such as clothing or hairstyle. Seeking to determine a summary variable(s) that explained observers' innate abilities to recognize sex differences, Mather and Murdoch [4] and Troje [5] both concluded that, in line with Murray's early assessment, frontal plane pelvis and torso motions were the most critical discriminators between male and female gaits.
More recently, however, empirical studies on gait kinematics have found few consistent sex differences, and have not fully supported the above historical observations. Most striking, three studies have specifically evaluated torso sway sex differences [6] , [7] and [8] , none finding increased ROM in males. Individual study findings of sex differences in other joints, such as sagittal plane hip [9] and knee [10] and [11] ROM have also not been substantiated by additional studies (e.g. [7] , [10] , [12] and [13] and [9] , [12] , [13] and [14] , respectively). Arguably the only metric showing some consistency across studies is that of pelvic obliquity, where four [13] , [15] , [16] and [17] out of seven [7] , [18] and [19] studies found increased female ROM. The reasons behind this likely sex difference are also not completely clear, with hypotheses ranging from evolutionary [5] and socio-cultural factors [1] to walking efficiency [17] , [20] and [21] . Among other investigated joints, only sagittal plane ankle [9] , [10] , [22] and [23] and transverse plane hip excursions during early stance [13] , [22] and [24] appear to show, across multiple studies, the potential for true sex effects at preferred walking speeds. The possibility of sex differences in other upper body measures, such as arm swing [20] , have not been evaluated. Thus, while the lay observer would almost certainly advocate that sex differences exist in walking kinematics, there is still a need to quantify these differences, confirm early historical and anecdotal observations, and seek further clarification of the underlying reasons for these sex differences.
Gait differences between sexes are of interest in a variety of clinical applications. In instrumented gait studies, male and female subjects are often pooled for analysis or normative comparisons, yet there may be specific instances that warrant separation. Sex differences exist in many pathology incidence rates such as osteoarthritis [25] , ACL tears [26] , and low back pain [27] . Some of these sex differences may be manifest in gait (e.g. [24] ) and thus influence treatment and rehabilitation strategies. Similarly, the design of sex-specific joint replacements, prosthetics, and robotic exoskeletons for walking rehabilitation might also be guided by movement differences. Beyond clinical applications, other industries have a vested interest in kinematic sex differences, including psychology [3] , [4] and [28] , surveillance and tracking [29] , targeted advertising [30] , and animation [31] .
In order for sex differences to be utilized effectively in these applications, they need to be consistently identified and understood. The purpose of the present study, therefore, was to compare whole body kinematic measures between adult men and women walking at preferred speeds. We sought to evaluate specific historical qualitative and anecdotal observations, fill in gaps and provide additional consistency to the existing empirical body of literature, and further explore underlying reasons for possible sex differences. We hypothesized that women would have substantially increased pelvic obliquity, reduced torso sway, and increased arm swing compared to men.
Methods

Subjects and protocol
One hundred healthy subjects were recruited around Wright Patterson Air Force Base. Exclusionary criteria included the presence of orthopedic injuries or any medical condition that could affect typical gait. Seven subjects were excluded post-hoc due to either visible medical conditions that were not reported (5), or extreme outliers for walking speed (2) and BMI (2), leaving a total of 91 subjects for analysis (36 F, 55 M, Table 1 ). Just over half of the subjects were members of the U.S. military. All subjects were volunteers and signed Institutional Review Board approved consent forms. A total of 68 retro-reflective markers were affixed to each subject according to a modified Helen Hayes type (i.e. sparse) marker set. For the subject's extremities, markers were placed on the medial and lateral aspects of each joint with an additional marker on the mid segment for tracking, consistent with typical descriptions of sparse marker set configurations (i.e. derived from [19] and [32] ). For the subject's midsection, markers were placed over the ASIS and sacrum (pelvis), manubrium, xyphoid, C7, and T8 (torso), with three markers on the head.
All subjects wore comfortable walking shoes. After a static pose and a short, accustomizing warm up, each subject was asked to walk at a preferred, or comfortable (i.e. self-selected) speed across a 15 m walkway. Four walking trials were performed. Marker trajectories were captured at 120 Hz. using 18 Motion Analysis Raptor-E cameras (Motion Analysis Corp, Santa Rosa, CA).
Data analysis
Data processing was performed in Visual 3D software (C-Motion, inc. Germantown MD). Static trial marker trajectories were averaged over a small frame range, while walking marker trajectories were filtered using a low pass Butterworth Filter (6 Hz cutoff frequency). A 15-segment full body model was created from the static pose. The pelvis, torso, and head reference frames were aligned to the laboratory reference frame in the static pose. Shoulder joint centers were calculated using an offset modified from Rab et al. [33] , while hip centers were calculated from Harrington et al. [34] . Extremities were aligned with the segment's long axis and medial/lateral joint markers creating the frontal plane. The model was applied to each walking trial, tracking each segment with all of its associated markers. Joint angles were then calculated using an Euler/Cardan angle sequence (1-flex/ext, 2-Ab/ad, 3-Int/Ext). Angle trajectories were broken into gait cycles and time-normalized to percent gait cycle.
ROM was calculated for each angle across the gait cycle, except for hip rotation, which was calculated from initial contact to mid-stance. The mean ROM for each subject (across, on average, 20 cycles per subject) was used in the group analysis. Spatiotemporal variables were calculated and non-dimensionalized using leg length (calculated from static pose: hip to knee plus knee to ankle) according to the scheme proposed by Hof [35] : stride length normalized by leg length, velocity by the square root of g × leg length, and cadence by the square root of g/leg length. Root mean square (RMS) accelerations [20] of each midsection segment were calculated by double differentiating the segment center of mass. Vertical center of mass (COM) excursions were calculated and also normalized by leg length.
Two sample t-tests were used to detect sex differences among all spatiotemporal, acceleration, ROM, and COM variables of interest (α = 0.05). Spatiotemporal variables included walking speed, stride length, cadence, and step width. RMS accelerations were calculated in the medial/lateral (M/L) and anterior/posterior (A/P) directions for the pelvis, torso, and head segment center's of mass. ROM was evaluated in all three planes for the pelvis, torso, waist (defined as the relative angle between the torso and pelvis), and hip, and in the sagittal plane for the knee, ankle, shoulder, and elbow. Based on results suggesting arm swing asymmetry [36] , shoulder and elbow ROM were evaluated using 2 × 2 between-within ANOVAs to concurrently assess the effects of both sex and side. Pelvis and upper body joint angles were further evaluated using a whole curve analysis, where mean ± standard error bands where plotted and t-statistics were calculated at each point of the gait cycle. A significance cutoff was set at t = ±2.63, corresponding to α = 0.01.
Results
Men and women walked at nearly the same mean preferred speed, men taking significantly longer strides, and women moving with a higher cadence (Table 2A) . When accounting for body size, non-dimensional walking speed and stride length comparisons were not significant, but notable, with potentially greater mean values in women compared to men. (Table 2B ). In the upper body, women had significantly less torso sway but more torso rotation. Arm swing was higher in women compared to men, with women having significantly greater shoulder ROM as well as a non-significant, but notable (particularly in light of the whole curve analysis) difference in elbow ROM (Table 2B ). Side differences were also evident at the elbow, with left elbow ROM significantly greater than right (33.4 ± 7.5° compared with 29.9 ± 7.3°, p < 0.001). No significant side differences were noted at the shoulder (26.1 ± 6.6° on the left compared with 25.3 ± 7.8° on the right, p = 0.366), and no significant interactions were found between sex and side for either joint (p > 0.127).
Women showed a greater M/L acceleration attenuation than men from pelvis to head as evidenced by greater RMS accelerations at the pelvis, similar at the torso, and less at the head (Table 2C) . Similarly, attenuation differences were apparent in A/P accelerations, with women showing greater pelvis and torso RMS values than men, but similar values at the head.
No significant difference was found in raw vertical COM excursion between sexes, but women had a significantly greater normalized COM excursion than men.
Whole curve plots (Fig. 1) showed sex differences occurring primarily around the peaks, suggesting that the ROM analysis captured the primary differences in most joint angle profiles. Pelvic rotation showed a possible phase shift, with the concave external rotation wave slightly delayed in women compared with men. Torso sway also differed in shape, with women exhibiting an extended period of neutral torso position at midstance, and men transitioning in a more continuous motion. Torso rotation had a similar but reversed trend, with men having a more level internal rotation through midstance. The curve analysis also showed that sex differences in shoulder motion were more pronounced in flexion than extension, while possible elbow differences appeared to occur more in extension. The left/right side differences in elbow ROM were likely due to combined increases in both flexion and extension.
Fig. 1. Mean ± standard error profiles across the gait cycle for select pelvis and upper body angles (in degrees), allowing for comparison between men (dark blue) and women (light pink). t-statistics were calculated at each point in the gait cycle, and are plotted below each curve (green line). A rough significance threshold is shown on the t-statistic graphs at t = ±2.63, corresponding to a conservative α = 0.01. Regions on the angle graphs where the t-statistic is above or below this threshold might be considered statistically significant and regions of interest. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Discussion
In this study we investigated sex differences in whole body gait kinematics. Our lower extremity results are consistent with several previous studies, further strengthening findings of specific pelvis, hip, and ankle kinematic differences. For upper body measures, however, previous evidence of sex differences comes primarily from qualitative studies and anecdotal observations. In contrast to several recent empirical studies [6] , [7] and [8] , our results show clear evidence of sex differences in torso and arm motion (Table 2B and Fig. 1 ) that match historical hypotheses.
Several explanations for sex differences in frontal plane pelvis and torso motion have been posited. Smith et al. [17] hypothesized that greater pelvic obliquity may be a female mechanism to increase metabolic efficiency, as evidenced by a corresponding decrease in vertical COM excursions. However, significant findings in their study were primarily confined to an elderly demographic sample. In our study sample we did not find a sex difference in raw COM excursions, while normalized COM excursions were greater in women than men. The latter effect may be more related to preferred spatiotemporal metrics than to a true COM sex effect, as normalized speed and step length were also slightly greater in women [37] . Mazza et al. [20] and [21] also suggested that women had a possible efficiency advantage, evidenced by more effective acceleration attenuation up the kinematic chain from pelvis to head. Although there were some discrepancies in RMS magnitudes between our results and Mazza's, likely due to measurement location (segment center of mass rather than dorsal surface) and methodology (differentiation of position rather than accelerometry measured), the attenuation patterns were similar. Future studies should determine whether a stable head is also more metabolically efficient. Murray et al. [1] also suggested coupling between frontal plane pelvis and torso motion but for different underlying reasons. They hypothesized that necessary movement of the center of mass from side to side could be accomplished by either moving the pelvis or the torso, the choice of which was likely an "attitudinal", or socio-cultural characteristic. Psychology literature has also presented some evidence linking pelvis and torso movements to sexual attractiveness [28] and [38] , and Troje [5] compared the greater lateral sway in men to evolutionary adaptations of male animals who make themselves appear larger and thus intimidating. Determining whether frontal plane pelvis and torso sex differences are due to aspects of walking efficiency, sociocultural factors, or other possible reasons (e.g. bone structure and muscle mechanics) is difficult, but the amalgamation of findings across fields suggests that interplay among these factors is likely.
The combined effects of pelvis, torso, and waist angles in both the frontal and transverse planes ( Fig. 1) suggest that men and women use different control strategies during gait. Interestingly, waist angles were remarkably similar between sexes, suggesting a possible coupled control strategy wherein ideal lumbar or COM kinematics are maintained. This occurred despite sex differences in pelvis and torso kinematics in both the frontal and transverse planes. In the transverse plane, both pelvis and torso rotation showed clear sex differences in ROM as well as in curve shape. While previous literature on frontal plane pelvis kinematics has been fairly consistent in reporting similar results among studies, this has not been the case in the transverse plane (Table 3) . Only Crosbie et al. [7] reported greater pelvic rotation ROM in women; yet ROM values in both Crosbie et al. and Cho et al. [13] were low in comparison to other normative datasets. Neither Chockalingam et al. [15] nor Smith et al. [17] found significant sex differences. Our whole curve analysis shows an additional phase shift, with women delaying the transition from internal to external rotation as well as the return back to internal rotation. This type of phase shift is not consistent with a faster walking speed or longer step length [39] , suggesting a possible true sex effect that should be further evaluated. Crosbie et al. [7] 18-50 85 7 ± 3 7 ± 3 10 ± 4 10 ± 4 Smith et al. [17] 20-40 30 11 ± 3 10 ± 3 Chung et al. [6] 30 - [7] 18-50 85 5 ± 3 * 4 ± 2 * 4 ± 2 5 ± 2 Smith et al. [17] 20-40 30 12 ± 4 12 ± 4 Chung et al. [6] 30-39 20 8 ± 4 6 ± 2 14 ± 5 14 ± 5
At the hip, female internal rotation was increased from initial contact through loading response. Despite marker set differences (i.e. soft tissue interactions), our findings match those of both Hurd et al. [24] and Roislien et al. [22] , further strengthening this finding. The reason for this increase may be structural, related to women's wider pelvis and greater femoral anteversion, or it may be coupled to increased frontal plane motion. Hip ab/adduction ROM was greater in women, although likely primarily driven by the greater pelvis motion. The subtle hip kinematic differences noted here may have implications in injury mechanisms, and may warrant further investigation to determine whether they carry over to running or other athletic movements [24] .
Similar to several previous studies [9] , [10] , [22] and [23] , we also found greater ankle ROM in women compared with men. While the difference between sexes was on the order of just 2° over a 30° ROM, the presence of this finding across multiple studies is intriguing. In athletics, it is well documented that altered ankle kinematics can affect more proximal joints in the kinematic chain, and be a contributing cause of various knee and hip injuries. It is possible that women, with proportionally shorter feet compared to men [40] , require a slightly increased plantarflexion push off angle to maintain effective knee kinematics. The effects of sex differences in both foot structure and ankle motion may merit further investigation, particularly as they relate to injury mechanisms.
Sex differences in arm swing have not been previously evaluated, although Mazza [20] mentions possible anecdotal observations of greater arm ROM in women. Arm swing is likely primarily a passive motion driven by the lower extremities [41] ; however, active modulation can result in substantial variations in ROM. Some subjects in our study appeared to suppress arm swing due to awareness of being in a laboratory setting. Still, we found a significant increase in flexion/extension ROM at the shoulder in women, and a p-value of 0.056 at the elbow. It is possible that the higher raw cadence and greater torso rotation noted in women may have simply resulted in greater arm angular velocities and momentum, passively driving arm swing ROM differences. However, the whole curve analysis showed that potential sex differences were primarily confined to peak flexion at the shoulder and peak extension at the elbow ( Fig. 1) , suggesting possible structural, muscular, or other sex based influences beyond those expected from passive mechanisms. We also found a right/left side effect, with increased ROM at the left elbow in both sexes, matching a previous finding by Kuhtz-Buschbeck et al. [36] . This finding may also point toward active modulation of arm swing. Future studies utilizing controlled cadence and speed trials, electromyography, and/or forward dynamic simulations may help clarify active vs. passive contributions to arm swing, and help determine whether true sex differences are present.
In this study we focused only on kinematics at self selected walking speeds. The effects of controlled walking speeds or cadences, as well as other factors such as culture or aging, were not evaluated. However, several indicators suggest that the data set collected in this study is representative of the larger United States population. First, the sample is large and fairly diverse demographically (i.e. non-college students). While we did include a large number of military subjects, no substantial clustering or separation was noted in any variables of interest between military and non-military subjects. Second, mean group height, weight, and BMI measures are on par with larger national surveys [42] . Finally, preferred pace spatiotemporal measures were also comparable to previous literature. Mean walking speeds were within normal ranges of the pooled means across previous studies [43] as well as similar to several studies used in this discussion for gender comparisons [10] , [17] and [20] . Stride length and cadence sex differences are also consistent with previous studies showing similar trends at preferred speeds [10] and [17] .
Several clinical applications may benefit from the results of this study. In the frontal plane, separate male and female pelvis and torso normative values may help in some pathology diagnosis and treatment recommendations. For example, a Trendelenburg gait pattern, caused by gluteus medius weakness, is often diagnosed by increased pelvic obliquity ROM. The sensitivity of the diagnosis, and the extent of the weakness, may be better gauged by considering subject sex. Altered frontal plane pelvis and torso kinematics have been noted in subjects with knee osteoarthritis [44] , and gait retraining that includes increasing lateral torso sway has been suggested as a compensatory strategy to reduce medial knee loading [45] . The effectiveness of this type of re-training may differ by sex. Lateral sway has also been associated with the risk of falling in the elderly [46] . Research on fall risks as well as pathologies that affect the elderly might also benefit from consideration of sex differences.
